In the search for the biological causes of schizophrenia and bipolar disorder, glutamate neurotransmission has emerged as one of a number of candidate processes and pathways where underlying gene deficits may be present. The analysis of chromosomal rearrangements in individuals diagnosed with neuropsychiatric disorders is an established route to candidate gene identification in both Mendelian and complex disorders. Here we describe a set of genes disrupted by, or proximal to, chromosomal breakpoints (2p12, 2q31.3, 2q21.2, 11q23.3 and 11q24.2) in a patient where chronic schizophrenia coexists with mild learning disability (US: mental retardation). Of these disrupted genes, the most promising candidate is a member of the kainate-type ionotropic glutamate receptor family, GRIK4 (KA1). A subsequent systematic case-control association study on GRIK4 assessed its contribution to psychiatric illness in the karyotypically normal population. This identified two discrete regions of disease risk within the GRIK4 locus: three single single nucleotide polymorphism (SNP) markers with a corresponding underlying haplotype associated with susceptibility to schizophrenia (P = 0.0005, odds ratio (OR) of 1.453, 95% CI 1.182-1.787) and two single SNP markers and a haplotype associated with a protective effect against bipolar disorder (P = 0.0002, OR of 0.624, 95% CI 0.485-0.802). After permutation analysis to correct for multiple testing, schizophrenia and bipolar disorder haplotypes remained significant (P = 0.0430, s.e. 0.0064 and P = 0.0190, s.e. 0.0043, respectively). We propose that these convergent cytogenetic and genetic findings provide molecular evidence for common aetiologies for different psychiatric conditions and further support the 'glutamate hypothesis' of psychotic illness.
Introduction
Both de novo and familial chromosome abnormalities have been described in patients with psychiatric or neurological conditions. 1,2 A small proportion of these have been studied at the molecular level. 3 We have previously described a large Scottish family in which there is a highly significant co-segregation (LOD > 7) 4 between major mental illness and the presence of a balanced translocation between chromosomes 1 and 11. 5 The DISC1 gene is directly disrupted by the chromosome 1 breakpoint 6, 7 and supportive evidence for its involvement with schizophrenia and bipolar disorder has come from linkage and case-control association studies on karyotypically normal populations [8] [9] [10] [11] [12] and from our recent demonstration of its activity-dependent interaction with the protein encoded by an independently disrupted gene, PDE4B. 13 Through the analysis of further cytogenetic abnormalities in schizophrenic patients, we and others have identified NPAS3, GRIA3 and DIBD1 as potential candidate genes. [14] [15] [16] [17] Here we describe a patient with chronic schizophrenia and mild learning disability (US: mental retardation). This co-morbid state has been previously shown to be highly familial, associated with changes in brain structure on imaging typical of schizophrenia alone, and also associated with increased prevalences of chromosomal abnormalities. 18, 19 The patient possesses a complex chromosomal rearrangement involving several chromosomes. We hypothesized that the patient's diagnosis was as a direct result of gene deficits caused by the cytogenetic abnormality. Therefore, we have positioned the constituent chromosomal breakpoints and identified a number of potential candidate genes in their vicinity. One of these, GRIK4, is directly disrupted at a breakpoint and encodes a member of the ionotropic glutamate receptor family -an established focus for candidate disease gene hunting because of the hypothesis that defects in glutamate neurotransmission may underlie schizophrenia.
As the most promising candidate, we wished to determine the relevance of GRIK4 to psychiatric illness beyond this unique patient. Therefore, a large case-control association study was undertaken, which demonstrated that single nucleotide polymorphism (SNP) markers and haplotypes within the GRIK4 locus are strongly associated with both schizophrenia and bipolar disorder.
Materials and methods

Clinical findings
A female patient was identified as part of a survey of patients with mild mental retardation (UK termlearning disability) and coexisting schizophrenia. 18 There was no evidence for any previous karyotype investigation before this ascertainment. Full, informed consent for the current study was obtained from the subject.
In her mid 60s when examined, the patient gave a near 30-year history of severe chronic schizophrenia requiring repeated admissions to a hospital specializing in the care of people with mental retardation and concurrent psychiatric or behavioural disorders. Initially in mainstream schooling, from the age of 8 she received education in an establishment for those with special educational needs -she had a mild degree of intellectual impairment (IQ 65-70). Her early psychiatric history is unclear and, although psychosis was only formally documented from her early 40s, there is evidence of earlier onset. The schizophrenic illness showed the same features during all episodes with clear and persistent auditory hallucinations and persecutory delusions. Treatment was initially with standard typical anti-psychotic medications and, latterly, with atypical anti-psychotics owing to the onset of persistent extrapyramidal side effects. Between episodes resolution was good and she regained full insight. The diagnosis of chronic schizophrenia was confirmed using SADS-L structured interview, 20, 21 to generate DSM-IV and ICD-10 criteria, by a psychiatrist experienced in both general psychiatry and the psychiatry of mental retardation (WM). Consensus diagnosis was reached on review by two psychiatrists (WM and DB). IQ scores were generated from WAIS-R and their stability shown by similar levels detected by psychological examination at different times throughout her life. No other family member agreed to participate in the study or to be karyotyped. Clear family history information is not available. However, as far as can be ascertained, there were no first-degree relatives known with schizophrenia or mental retardation.
The patient was not dysmorphic and was of average stature. During childhood, repeated mastoid infections and corrective surgery led to conduction deafness in one ear and partial conduction deafness in the other. Hearing-aid correction was excellent and meant that her communication skills were fully intact. Although there is an older literature suggesting a link between some cases of schizophrenia (especially lateonset paraphrenia) and chronic deafness, more recent analysis suggests that there is little evidence of any true association. 22 During her 60s, the patient developed sero-negative rheumatoid arthritis, principally affecting her distal joints.
Cell culture
The patient was karyotyped using conventional Giemsa, G-band, staining. Lymphocytes were extracted from 7 ml of patient venous blood (for storage and generation of Epstein-Barr virus-transformed cell lines) using density gradient separation (Histopaque-1077, Sigma, Gillingham, UK). The resulting lymphoblastoid cell line failed to thrive, perhaps owing to the patient age and medication, such that limited cell material was produced. However, metaphase-arrested chromosomes for cytogenetic analysis were successfully prepared from 0.8 ml of patient blood cultured for 71 h in medium containing phytohaemagglutinin (Peripheral Blood Medium, Sigma). These short-term cultures were treated with colcemid for 1 h followed by a conventional cell membrane lysis and methanol/ acetic acid fixing procedure. Fixed chromosomes were dropped onto microscope slides and stored for 1 week before use in fluorescence in situ hybridization (FISH) experiments.
Selection of YAC/BAC and cosmid clones for FISH probe synthesis Clones were initially selected from the Whitehead/ MIT map of the relevant chromosome in the cytogenetic intervals to which the G-band defined breakpoints were mapped. 24 LD blocks across the GRIK4 locus (including regions 5 0 and 3 0 of the transcribed gene) were defined using Haploview's 'solid spine of LD' method with D 0 values of greater than 0.8. Tagging SNPs were then selected both by their ability to represent haplotype diversity within these blocks down to the 10% haplotype frequency level and also their predicted ability to form reliable assays on the Illumina Inc., San Diego, CA, USA genotyping platform. Twenty-seven such SNPs were chosen over a span of 344 kb to cover the GRIK4 gene (326 kb). These SNPs were typed at Illumina Inc., San Diego, CA, USA using their proprietorial bead-array technology on 368 bipolar disorder cases and 386 schizophrenia cases comprised of patients of hospitals in southeast and south central Scotland, and 458 controls of matching geographical distribution from the Scottish National Blood Transfusion Service: a cohort described in more detail elsewhere. 25 Analyses by our own and other groups on the Scottish population suggest that it is generally stable and homogeneous, with no obvious evidence for substructure.
Statistical analysis
Formatted genotype data were analysed using Cocaphase 26 (http://portal.litbio.org/Registered/Option/ unphased.html) in order to derive P-values for both single marker associations and also two-, three-and four-marker global and individual haplotype tests -a surrogate for linkage disequilibrium (LD) blocks in our population.
Cocaphase uses the EM algorithm to estimate the haplotype frequencies of unphased genotype data and standard unconditional logistic regression analysis, applying the likelihood ratio test under a log-linear model to compare haplotype frequencies between cases and controls. In order to avoid misleading results caused by rare haplotypes, all haplotypes with a frequency less than or equal to 1% in both cases and controls were declared as rare and clumped together for the test of the null hypothesis using the command line option '-rare 0.01'. P-values for both global and individual tests of haplotype frequencies were determined. The global test P-value assesses the significance of the overall difference in the distribution of haplotype frequencies between cases and controls. The P-value from the individual test represents the significance of the difference in frequency of an individual haplotype between cases and controls.
In order to account for the multiple SNPs and haplotypes tested, permutation analysis (1000 permutations) was performed also using Cocaphase. Cocaphase randomly reassigns the diagnosis labels (case vs control) of the individuals. All single markers or haplotypes of a specified window size are then tested and the most significant P-value from each permutation is stored. Based on the distribution of these stored P-values, an 'experimentwise' significance level 27 is provided for the most significant Pvalue observed for the particular sliding-window size (i.e. one to four). Odds ratios (ORs) were calculated online (http://www.hutchon.net/confidor.htm).
Results
Characterization of loci affected by the karyotype rearrangement
The chromosomal rearrangement was discovered on fine analysis to be more complex than the description in the original study 18 (see legend to Figure 1 ). It is likely that the cytogenetic abnormality originates from a pericentric inversion of chromosome 2 coupled with a modifed translocation event between chromosomes 2 and 11 ( Figure 1 ). In addition, a segment of 11q adjacent to the translocation has been transferred onto chromosome 8. A representative image from a BAC FISH probe crossing the breakpoint on chromosomes 11 is shown in Figure 2 . FISH analysis positioned five breakpoints. Table 1 details the YAC and BAC probes that define the breakpoint positions and Figure 3 shows the gene content in their Figure 1 Representation of complex chromosomal rearrangement in the translocation patient. The pericentric chromosome 2 inversion is coupled with a reciprocal translocation with chromosome 11. The chromosome 11 region between the 11q23.3 and 11q24.3 breakpoints has inserted on chromosome 8q13. The full karyotype of this rearrangement is (46, XX, ins(8;11)(q13;q23.3q24.2) inv(2)(p12q32.1) t(2;11)(q21.3;q24.2) der(2)(2qter-2q32.1::2p12-2q21.3::11q24.2-11qter) der(11)(11pter-11q23.3::2q21.3-2q32.1::2p12-2pter) der(8)(8pter-8q13::11q23.3-11q24.2::8q13-8qter). 
Abbreviations: BAC, bacterial artificial chromosome; YAC, yeast artificial chromosome. CEPH library YACs spanning the breakpoints are listed. Also detailed are the BAC clones (and accession numbers) from the RPCI-11 BAC library that span or flank (indicated by en-dashes) the breakpoints. Breakpoints at 8q13 were not characterized in detail in this study.
vicinity. The relatively recent annotation of sequences from the Human Genome Project has meant that our understanding of the precise relationship between breakpoint and transcriptional units has changed over time: the data presented here are a combination of the May 2004 freeze of the UCSC Human Genome Browser (http://genome.cse.ucsc.edu/cgi-bin/ hgGateway) and in-house annotation through the collation of expressed sequence tags (ESTs) and incomplete cDNA sequences from multiple species. We were not able to characterize in detail the region of 8q13 where the segment of chromosome 11q23.3-q24.2 has inserted owing to a limited supply of patient chromosome material. The breakpoint at 2p12 lies within a gene-poor region (3 Mb in size) and was not pursued beyond the resolution of YAC clones. The breakpoint at 2q21.2 disrupts a potentially aberrant fusion transcript, which appears to be a non-genic LINE1 transcript intergenically spliced to a genuine, CpG island-associated gene, NAP5 (NCKAssociated Protein). The functional NAP5 gene has been described in its full-length form only in the mouse (NM_172484), but the cognate human orthologue is not disrupted, lying centromeric to the breakpoint. The 11q23.3 breakpoint lies within the high-affinity kainate ionotropic glutamate receptor, GRIK4, locus (acc. S67803 and NM_014619, alternative nomenclature KA1/EAA1). The function of this gene and the neurotransmitter receptor it encodes are described in more detail in the Discussion section. FISH with cosmid-derived probes (Figure 4 ) positioned the breakpoint between exons 2 and 3 of GRIK4. The expected outcome of the position of the breakpoint is the truncation of all putative transcript forms such that a functional receptor cannot be encoded from the derived chromosome 11. PKNOX2/PREP2, encoding a transcription factor, is located at the 11q24.2 breakpoint. [28] [29] [30] The reference sequence (NM_022062) for this gene is probably incomplete; further 5 0 exons extending to a CpG island are present in several ESTs (e.g. BC045626). The putative complete gene sequence is disrupted by the breakpoint resulting in the loss of one functional allele in this patient. PKNOX2/PREP2 encodes a member of the MEINOX-TALE class of homeodomain-containing proteins that heterodimerizes with PBX1A to form a functional transcriptional regulator. Little is known about the function of this gene product other than that it is expressed widely with the highest levels observed in the brain, pancreas and lung. 31 The integrin A4 cell adhesion molecule (ITGA4, acc. L12002 and X16983) and the candidate retinitis pigmentosa gene, RP26/ CERKL (acc. NM_201548), are both located at the 2q31.3 breakpoint. The breakpoint-spanning BAC RP11-358m9 contains both genes but long-range PCR-based FISH probes corresponding to the 5 0 and 3 0 ends of ITGA4 (see Materials and methods for primer sequences) indicated that the breakpoint must lie within a 50 kb window downstream of its coding sequence. This region consists entirely of RP26/ CERKL gene sequence, indicating that this gene was also directly disrupted. A recessive nonsense mutation in the RP26/CERKL gene has been described in two unrelated Spanish families with retinitis pigmentosa, 32 indicating that disruption and the resulting haploinsufficiency of this gene is unlikely to explain the clinical phenotype of the patient. The direct gene disruptions of the PKNOX2/PREP2 and RP26/CERKL genes are not discussed further in this paper.
Association
Of the several genes disrupted or potentially deregulated in this subject, GRIK4 is the outstanding candidate to explain the observed symptomatology. This is owing to its neuronal expression pattern, a previous report of a disrupted glutamate receptor in a psychiatric condition 16 and the hypothesized involvement of aberrant glutamate neurotransmission in susceptibility to psychiatric illness (see Discussion). In order to assess the contribution of the GRIK4 gene to psychiatric illness in the karyotypically normal population, we undertook a case-control association study employing 27 SNP markers selected across the gene for their ability to 'tag' common haplotype variation (see Materials and methods). Analysis of genotyping data from schizophrenia cases, bipolar disorder cases and controls was carried out using Cocaphase. At the level of individual markers (Table 2) , two principal regions of the gene demonstrated allele frequency changes in the case groups: SNPs 15, 16 and 17 showed significant association with schizophrenia (P = 0.001, 0.004 and 0.015, respectively) and SNPs 23 and 26 were associated with bipolar disorder (P = 0.003 and 0.020, respectively). Of these, SNP 15 remained significantly associated with schizophrenia (P = 0.030, s.e. 0.005; Table 2 ) after permutation analysis to counter multiple testing errors (see Materials and methods). These positionally bi-partite findings (Table 2) were further supported by a sliding window global analysis of haplotypes of lengths two to four, such that distinct clusters of significant P-values were observed in both schizophrenia (best global haplotype, SNPs 15 and 16; P = 0.005) and bipolar disorder (best global haplotype, SNPs 26 and 27; P = 0.002). The latter global haplotype approached significance after permutation analysis (P = 0.049, s.e. 0.007; Table 2 ). Additional significant global P-values were observed outside of the two regions, but without clear clustering between overlapping windows. Table 2 also shows that tests of the case group, consisting of combined diagnoses, resulted in less significant P-values at both regions when compared to the tests of the individual diagnoses, suggesting that different regions within the GRIK4 locus confer diseasespecific risk/protective effects for the two disorders.
We examined the associations in further detail by assessing the contribution of individual haplotypes to the global associations across the entire gene (Table 3 ). An individual haplotype consisting of three SNPs (CTT, SNPs 15-17) was responsible for the most significant association with schizophrenia (P = 0.0005, est. freq. cases: 0.38, est. freq. controls: 0.29, OR of 1.453 (95% CI 1.182-1.787)). Although this three-SNP haplotype just failed to remain significant after permutation correction, the component two-SNP haplotype (TT, SNPs 16 and 17; P = 0.0006) did remain significant (P = 0.0430, s.e. 0.0064; Table 3 ) after such correction. An underlying extended haplotype consisting of nine SNPs (TCCTTGTGA, SNPs 13-21) appeared upon alignment of the local individual haplotypes: this haplotype conferred susceptibility to schizophrenia. For bipolar disorder, a two-SNP haplotype (GC, SNPs 26 and 27) showed the greatest significance (P = 0.0002, est. freq. cases: 0.16, est. freq. controls: 0.23, OR of 0.624 (95% CI 0.485-0.802)). This haplotype remained significant after permutation correction (P = 0.0190, s.e. 0.0043; Table 3 ). Again, overlapping individual haplotype results in this region suggested that this was a component of an underlying seven-SNP haplotype (ATCATGC, SNPs [21] [22] [23] [24] [25] [26] [27] , in this case conferring a protective effect against bipolar disorder.
In addition, it has been shown previously that a genuinely significant individual haplotype can exist GRIK4 in schizophrenia and bipolar disorder BS Pickard et al Abbreviations: BPD, bipolar disorder; SCZ, schizophrenia; SNP, single nucleotide polymorphism. P-values from the case-control association study (those less than 0.05 are boxed and are in bold). Details of the identity, location, allele forms and control group allele frequencies of the 27 SNPs used in the study are shown on the left-hand side of the table. P-values for the single-marker and global sliding window SNP analyses are shown for the three case-control groupings: all cases vs controls, SCZ cases vs controls and BPD cases vs controls. Permutation corrected P-values (with standard error) are shown at the bottom for the best uncorrected P-value in the column above.
in the absence of a significant global test. 33 We identified several consistent individual haplotypes between markers 4 and 8, which were significantly associated with a protective effect against bipolar disorder despite this region not appearing in the global analysis.
Discussion
Five chromosomal breakpoints have been positioned at the gene resolution level in a patient with schizophrenia and mental retardation. We have described the disruption of the gene, GRIK4 (KA1/ EAA1), encoding the high-affinity subunit of the kainate-type ionotropic glutamate receptor. 34, 35 In this patient, we believe that haploinsufficiency of this gene is most likely responsible for the psychiatric component of the patient's diagnosis although the existence of several other disrupted genes in this patient, the potential for position effects on genes at a distance from the breakpoints 36, 37 and the possibility of cryptic deletions associated with the chromosomal rearrangement 38 mean that we cannot definitively rule out other mechanisms. We have not yet examined these genes at the molecular or genotyping level and so these alternative explanations remain uninvestigated in this patient. GRIK4 lies at the edge of a schizophrenia linkage region described in a recent publication 39 with one microsatellite marker, D11S925, located within an intron at the 3 0 end of the gene. In contrast, a recent meta-analysis of several bipolar disorder linkage studies failed to observe any significant findings on chromosome 11. 40 However, a conventional linkage study approach would be unlikely to discover loci with protective effects. Recently, an association study was carried out on GRIK4 in Japanese schizophrenia patients. 41 The study failed to identify any statistically significant single SNP or haplotype associations despite good marker coverage. Explanations for this might be the modest size of the study (100 cases, 100 controls) and the different population studied.
Beyond the bona fide gene mutation in the translocation patient, the most compelling evidence we describe here in support of a role for GRIK4 in schizophrenia and bipolar disorder comes from our findings from a comprehensive case-control association study in Scottish population. Interestingly, two physically separated haplotype regions within the gene showed independent and significant association with schizophrenia and bipolar disorder, respectively. This finding mirrors the repeated observation of overlapping linkage 'hotspots' for these two conditions. 42 The OR values detailed above for the schizophrenia and bipolar disorder core individual haplotypes reflect their high frequency in the population (0.38 and 0.23, respectively) and are of a magnitude entirely consistent with previously described complex disease-susceptibility variants. 43 Although the corrected P-values are only moderately significant, we believe they should be taken in the context of the prior probability conferred on the GRIK4 gene through the cytogenetic study. Replicating these findings in additional European sample sets should be an important target for future genetic studies.
The schizophrenia risk region lies primarily over exons encoding the N-terminal extracellular domain, whereas the bipolar disorder protective region lies over exons encoding the cytoplasmic C-terminus of the protein, suggesting that the, as yet undiscovered, underlying causative mutations for these two regions could act through different aspects of GRIK4 function or regulation. Further analysis (data not shown) failed to reveal any effect of the protective haplotype on diagnostic/phenotypic subclasses of the bipolar disorder cohort (e.g. BP1 vs BP2, hallucinations vs delusions). This suggests that the haplotype confers a protective effect on all forms of bipolar disorder.
To our knowledge, no previous example has been documented where a single gene contains distinct and independent risk and protective haplotypes for two disorders. However, there are examples of complex genetic disorders where all the individual features of the GRIK4 association findings have been described. Independent CARD15/NOD2 gene mutations can give rise to Blau syndrome 44 or Crohn's disease 45, 46 -distinct disorders with a common inflammatory basis. There are also examples where both risk and protective alleles have been identified in genes such as PPARG in insulin resistance disorders. 47 Moreover, in this example, like GRIK4 and DISC1, the PPARG mutations exist in both rare, severe familial forms and common, low-penetrance population-level forms.
With regard to GRIK4 function, abnormalities in glutamatergic neurotransmission have previously been proposed as a mechanism for psychiatric illness. The 'Glutamate Hypothesis' of schizophrenia was devised to explain the psychotic symptoms exhibited by individuals following administration of ionotropic glutamate receptor antagonists such as phencyclidine (PCP; 'Angel Dust') and ketamine. 48, 49 Several studies also point to changes, predominantly decreases, in glutamate receptor subunit expression in the postmortem brains of patients with schizophrenia. [50] [51] [52] Four classes of ionotropic glutamate receptors have been identified on the basis of their pharmacological profiles and sequence homologies: NMDA receptors, AMPA receptors, kainate receptors and delta receptors. Intriguingly, with the inclusion of this study, examples from each class have now been associated with the pathophysiology of psychiatric illness. NMDAR1/Grin1 knockdown mice display components of schizophrenia-like behaviour, 53 the AMPA receptor GRIA3 has been shown to be disrupted in a patient diagnosed with bipolar disorder co-morbid with mental retardation 16 and a breakpoint has been discovered adjacent to a delta-type receptor (Pickard et al., manuscript in preparation).
GRIK4 is expressed in the amygdala, hippocampal formation (CA3 pyramidal and dentate granule cells) and entorhinal cortex, 54 ,55 a pattern matching brain regions implicated in the psychoses. 56 In addition, the potential role of long-term potentiation (LTP; the molecular model now generally accepted to underlie observed changes in activity-dependent synaptic plasticity [57] [58] [59] ) in psychiatric illness has also been widely hypothesized. This is as a result of the welldocumented deficits in particular cognitive tasks involving learning and memory in individuals with schizophrenia, bipolar disorder and unipolar major depression. [60] [61] [62] Presynaptic changes in kainate receptor-dependent plasticity have been described at hipocampal mossy fibre synapses, 63, 64 suggesting that the expected reduction in GRIK4 protein levels in the karyotypically abnormal patient might be expected to modify kainate receptor channel properties, and their contribution to LTP, by altering subunit stoichiometry.
The findings described in this report provide supportive evidence for a glutamatergic contribution to psychosis. The susceptibility and protective haplotypes described above present future opportunities for replication studies and for re-sequencing coding and non-coding portions of GRIK4, bounded by the relevant LD blocks, to identify causative mutations. The findings also suggest that the study of rare chromosomal rearrangements can direct research towards pertinent biological pathways and processes that may be targets for further genetic investigation and potential therapeutic strategies.
